Abstract: Pd/C-PPh 3 -CuI catalyzed Sonogashira cross-coupling of the 2-aryl-6,8-dibromo-2,3-dihydroquinolin-4(1 H) -ones with phenyl acetylene or 3-butyn-1-ol afforded the corresponding 8-alkynylated quinolin-4(1 H) -one derivatives, exclusively. Double carbo-substitution to afford the 6,8-dialkynyl derivatives was observed when PdCl 2 (PPh 3)2 was used as Pd (0) 
Introduction
The elaboration of strategies to efficiently functionalize presynthesized halogenated quinolinones via metal catalyzed cross-coupling to yield novel polysubstituted or heteroannulated derivatives continues to attract considerable attention in synthesis.
1−3 The Sonogashira reaction, which involves palladium catalyzed crosscoupling of terminal alkynes with aryl or heteroaryl halides, has become an important tool for Csp 2 -Csp bond formation. 4 Moreover, the proximity of the nucleophilic heteroatom in the case of tethered alkynylated derivatives has been found to facilitate sequential or one-pot intramolecular attack of the metal-activated triple bond to afford heteroannulated derivatives. 5 A two-step synthesis of the 2-substituted 5,6-dihydro-4H -pyrrolo[3,2,1-ij ]quinolines involving initial Pd/C-mediated Sonogashira cross-coupling of 6-bromo-8-iodo-1,2,3,4-tetrahydroquinoline with terminal alkynes followed by CuI-promoted intramolecular cyclization of the resulting 8-alkynyl-6-bromo-1,2,3,4-tetrahydroquinolines has been reported before. 6 Palladium(II) chloride has also been found to catalyze heteroannulation of the 8-arylethynyl-1,2,3,4-tetrahydroquinolines to afford the corresponding dihydropyrroloquinolines. 7 A similar strategy involving initial palladium-mediated C-C bond formation and subsequent metal-catalyzed C-N bond formation was employed on the 6-(chloro/methyl)-8-iodo-2,3-dihydroquinolin-4(1H)-ones to afford novel 5-substituted 2,3-dihydro-1H -pyrrolo[3,2,1-ij ]quinolin-1-ones with potential to activate SIRT1. Site-selective Sonogashira cross-coupling of dihalogenoquinolinones or dihalogenoquinolines with terminal alkynes to afford heteroannulated derivatives has so far been performed on the less readily accessible (chloro/bromo)iodo precursors. 6, 9 The selectivity in these cases was found to depend largely on the intrinsic reactivity of the halide (I >Br >Cl >> F), which relates to the Ar-X bond strength (D P h−X values 65, 81, 96, and 126 kcal/mol, respectively) and to a lesser extent the electronic effect of its position. 10 For the dihalogenoquinolinones with two identical halogen atoms on the fused benzo ring, however, site-selective Sonogashira cross-coupling involving conversion of one of the halogen atoms still remains unexplored. This prompted us to investigate the reactivity of the known 2-aryl-6,8-dibromo-2,3-dihydroquinolin-4(1H)-ones 11 in Sonogashira cross-coupling with terminal alkynes as coupling partners. We envisioned that the tethered alkynylated moiety would enable further transformation through heteroannulation to afford novel polysubstituted pyrrolo[3,2,1-ij ]quinolin-1-ones.
Results and discussion
It is well known that the efficiency of a palladium catalyst strongly depends on the ligand of palladium atom and the overall reactivity also depends on the precursor of palladium(0) complex. 12 Likewise, selectivity of the palladium-catalyzed cross-coupling reactions of heterocycles bearing multiple identical halogens is mainly determined by the relative ease of oxidative addition related to the C-X bond-dissociation energy and to the interaction of the heterocycle π * (LUMO) and PdL 2 d σ (HOMO) orbitals. 13 On the other hand, the computed bond dissociation energies of dihalogenated heterocycles at B3LYP and G3B3 levels revealed that all of the positions on the fused benzo ring bearing identical halogen atoms have comparable C-X bond dissociation energies. 13 This literature observation makes it difficult to predict how different the reactivity of the two Csp 2 -Br bonds in the 2-aryl-6,8-dibromo-2,3-dihydroquinolin-4(1H)-ones would be during Csp 2 -Csp bond formation.
Hitherto, no selectivity was observed for the Suzuki-Miyaura cross-coupling of compounds 1a-d with arylboronic acids using PdCl 2 (PPh 3 ) 2 as Pd(0) source 11 and for the other dihaloarenes bearing ortho directing groups, such as -OH, -NH 2 , -CH 2 OH, or -NHBoc. 14 With these considerations in mind, we subjected compound 1a
to Pd/C-PPh 3 and CuI pre-catalyst mixture and triethylamine as a base in ethanol at 80
• C based on the literature precedent. 6 We isolated after 18 h by column chromatography on silica gel a single product, which was characterized using a combination of 1 H NMR and 13 C NMR spectroscopic techniques as well as mass spectrometry as the 6-bromo-4-phenyl-8-phenylethynyl-2,3-dihydroquinolin-4-one 2a (Scheme 1). Incorporation of the alkynyl group at C-8 was confirmed by the significant downfield shift of the resonance corresponding to NH from δ ca. 5.04 ppm in the parent compound 1a to δ ca. 5.38 ppm in the spectrum of 2a. The doublet corresponding to 7-H also resonates at high field compared to that in the corresponding precursor. These reaction conditions were extended to other derivatives 1 using phenylacetylene and 3-butyn-1-ol as coupling partners to afford products 2b-h. Since C(6)-Br and C(8)-Br bonds are expected to have comparable bond-dissociation energies, 13 the observed site selective Sonogashira cross-coupling through C-8 is attributed to the ortho directing effect of NH in analogy with the literature precedent for the dihalogenated benzo-fused heterocycles having two similar halogen atoms. 6 Selectivity of the Pd-catalyzed cross-coupling reactions of heterocycles bearing multiple identical halogens, on the other hand, has been found to be influenced by the interaction of the heterocycle π * (LUMO) and PdL 2 d σ (HOMO) orbitals. 13 In our view such coordination would only be possible if the oxidative-addition step takes place through the C(8)-Br bond to form complex A. Monoalkynylation, on the other hand, is presumably the consequence of using Pd/C as the Pd(0) source. It is well known that palladium on carbon serves only as a heterogeneous source of Pd(0) catalyst for homogeneous coupling that involves the initial slow leaching of Pd to interact with the ligand to generate the active Pd(0)-PPh 3 species in situ.
15
The homogeneous Pd(0)-PPh 3 species then undergoes facile transmetallation with copper acetylide followed by reductive elimination and concomitant re-deposition of Pd onto the support. 15, 16 The re-adsorption onto the solid support presumably immobilizes Pd and makes it unavailable to promote further cross-coupling with the excess terminal alkyne. To test the above assumption, we decided to employ a homogeneous Pd(0) source in the presence and absence of activated carbon. Initial attempts to effect alkynylation of 1a with phenylacetylene in triethylamineethanol mixture at 80
• C using tetrakis(triphenyl)phosphine(0)-CuI catalyst mixture in the presence or absence of activated carbon led to poor conversion (tlc monitoring) and the starting material was recovered unchanged. We decided to employ a more reactive Pd(II) pre-catalyst as source of active Pd(0) catalyst in the presence and absence of activated carbon. Alkynylation of 1a with phenylacetylene in the presence of dichlorobis(triphenylphosphine)palladium(II) [(PdCl 2 (PPh 3 ) 2 ] (0.02 equiv.) and CuI catalyst complex in triethylamine-ethanol mixture at 80
• C in the presence of activated carbon afforded the monoalkynylated 2a
(57%) and dialkynylated derivative 3a (26%) in sequence without traces of the starting material (Scheme 2).
Complete conversion of the substrate was also observed in the absence of activated carbon; however, under these conditions the dialkynylated quinolinone was isolated as the major product with traces of the monoalkynylated derivatives detected (tlc) in the crude reaction mixture. However, the monoalkynylated derivatives could not be isolated in pure form by column chromatography. The preponderance of the monoalkynylated derivative using PdCl 2 (PPh 3 ) 2 -CuI catalyst complex as Pd(0) source and activated carbon seems to support our view that the active Pd(0)-PPh 3 species becomes adsorbed onto the solid support and is unavailable to promote further alkynylation. In the absence of the activated carbon, the active Pd(0)-PPh 3 species derived from PdCl 2 (PPh 3 ) 2 becomes available in solution to promote further alkynylation and, under these conditions, product 3 predominates. The reaction conditions employing PdCl 2 (PPh 3 ) 2 -CuI catalyst complex in triethylamine-ethanol mixture at 80
• C in the absence of activated carbon were then extended to other derivatives to afford the dialkynylated products 3a-f (Scheme 2). The cyclization of alkynes containing proximate nucleophilic centre/s promoted by electrophiles is currently of great interest and represents a very effective strategy for carbo-and heterocyclic ring construction.
17
With the tethered 2,3-dihydroquinolin-4(1H)-ones derivatives 2 in hand, we decided to investigate the possibility to cyclize them into the corresponding polysubstituted 1H -pyrrolo[3,2,1-ij ]quinolin-1-ones. The 5,6-dihydro-4H -pyrrolo[3,2,1-ij ]quinoline ring occurs in numerous natural products and this moiety constitutes the central core of different series of compounds exerting platelet activating factor production inhibition.
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Pyrrolo[3,2,1-ij ]quinoline derivatives have also shown potent histamine and platelet activating factor antagonism and 5-lipoxygenase inhibitory properties. 19 Moreover, some pyrrolo[3,2,1-ij ]quinolines exhibit antibacterial and antifungal activities for diseases of rice plants. 20 We subjected compounds 2a-d to heteroannulation with Internal alkynes are known to undergo PdX 2 oxidation in the presence of CuX 2 co-catalyst and O 2 as an oxidant followed by hydrolysis to afford dicarbonyl compounds. 21 Palladium catalyzed anti-Markovnikov addition of water to the carbon-carbon triple bond of arylpropargylic carbonates in the presence of secondary amines to afford α -ketocarbamates has also been observed before. 22 We envision the formation of products In the last part of this investigation, we subjected compounds 4a-d to Suzuki-Miyaura cross-coupling with arylboronic acids to afford novel 8-substituted 2,3-dihydro-1H -pyrrolo[3,2,1-ij ]quinolin-1-ones 5a-f (Scheme 5).
In summary, the observed site-selective Csp 2 -Csp bond formation through C-8 versus C-6 is attributed to the ortho directing effect of the NH and possible molecular orbital interaction between the heterocycle π * (LUMO) and the PL 2 d σ (HOMO) orbitals in the oxidative addition stage. Monoalkynylation using Pd/C as catalyst is the consequence of the initial slow leaching of Pd from the support to generate the active homogeneous Pd(0) species and subsequent re-deposition of Pd onto the support upon reductive-elimination. In our view, the re-deposition of Pd makes it unavailable to promote further oxidative addition to the incipient 6-bromo-6-(alkynyl)quinolinones and subsequent cross-coupling with excess alkyne to afford the dialkynylated derivatives. Hitherto, the preparation of the 6-oxopyrroloquinolines has generally been based on the cyclodehydration of a suitably functionalized indole derivative. 8 While the observed results for the oxidation of 2e-h to afford products 5a-d show the potential applications of the transformation, understanding of the detailed reaction mechanism would be useful for further expansion. In conclusion, the results of this investigation reveal that the choice of Pd(0) source and the proximity of the C-X bond to the nucleophilic heteroatom influence the selectivity of the Csp 2 -Csp bond formation during Sonogashira cross-coupling of quinolinones bearing two identical halogen atoms on the fused benzo ring.
Experimental
Melting points were recorded on a Thermocouple digital melting point apparatus and are uncorrected. IR spectra were recorded as powders using a Bruker VERTEX 70 FT-IR Spectrometer with a diamond ATR (attenuated total reflectance) accessory by using the thin-film method. For column chromatography, Merck
Kieselgel 60 (0.063-0.200 mm) was used as stationary phase. NMR spectra were obtained as CDCl 3 solutions using a Varian Mercury 300 MHz NMR spectrometer and the chemical shifts are quoted relative to the solvent peaks. Low-and high-resolution mass spectra were recorded at the University of Stellenbosch Mass Spectrometry Unit using a Synapt G2 Quadrupole Time-of-flight mass spectrometer. The synthesis and characterization of substrates 1a-d have been described elsewhere. (30 mL) in a three-necked flask equipped with a stirrer bar, rubber septum, and a condenser was degassed for 30 min. Phenylacetylene (0.29 g, 2.60 mmol) was added via a syringe and the mixture was degassed for an additional 10 min. A balloon filled with argon gas was connected to the top of the condenser and the mixture was heated at 100
• C under argon atmosphere for 18 h. The mixture was evaporated to dryness and the residue was dissolved in CHCl 3 (150 mL). The organic solvent was washed with brine (2 × 15 mL) and dried over anhydrous MgSO 4 . The salt was filtered off and the solvent was evaporated under reduced pressure. The residue was purified by column chromatography on silica gel to afford 2a as a yellow solid (0.37 g, 71%), mp 
6-Bromo-2-(4-fluorophenyl)-8-(phenylethynyl)-2,3-dihydroquinolin-4(1H )-one (2b)
Yield ( 
6-Bromo-2-(4-chlorophenyl)-8-(phenylethynyl)-2,3-dihydroquinolin-4(1H )-one (2c).
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6-Bromo-2-(4-fluorophenyl)-8-(4-hydroxybutyn-1-yl)-2,3-dihydroquinolin-4(1H )-one (2f )
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